Summary: To assess whether ischemia could induce GAP-43 mRNA expression, we performed in situ hybrid ization in gerbil brains that had been subjected to 5 min of global ischemia. In control dentate granule cells, little hybridization was detected in contrast to the intense sig nal generated by pyramidal neurons of the adult hippo campal formation. After ischemia, we detected a robust GAP-43 signal over hippocampal granule cells at 3 h of
The capacity for axonal regrowth in the adult mammalian CNS is limited compared with that in the peripheral nervous system. However, more subtle changes in synaptic organization continue to occur in the adult nervous system after the major events in development are completed. Axonal out growth and reactive synaptogenesis could occur af ter a variety of lesions (Cotman and Nadler, 1978) in experimental animals, including deafferentation by ischemic insult (Kirino and Sano, 1980; Kitagawa et aI. , 1992) and transection of afferent fibers (Mat thews et aI. , 1976; Lahtinen et aI. , 1993) . The recent discovery of several synapse-associated molecules may allow the study of the pathophysiology under lying synaptic plasticity after ischemia. For this purpose, the neuronal membrane phosphoprotein, growth-associated protein (GAP)-43 (also identified as Fl, BSO, pp46, and neuromodulin), is of partic ular interest (Skene and Willard, 1981; Benowitz et aI. , 1981; Jacobson et aI. , 1986; Meiri et aI. , 1986; Snipes et aI. , 1987; Wakim et aI. , 1987) . After the establishment of stable synapses, most neuronal cells cease expressing GAP-43 at high levels (Per rone- Bizzozero et aI. , 1986; Goslin et aI. , 1990; Ma halik et aI. , 1992) . It is striking that some neurons continue to express GAP-43 mRNA at moderately high levels, whereas in most neurons its mRNA is undetectable after development is completed. These findings suggest that the expression of syn apse-associated molecules, such as GAP-43, may change in response to ischemic insult. Ng et al. (1988) reported increased GAP-43 mRNA expres sion near ischemic infarct in postmortem human brains. However, they have not shown the direct evidence that ischemic insult induced the GAP-43 mRNA in the brain. In the present study, we have examined the gene expression of GAP-43 after isch emia in the neurons of the adult gerbil hippocam pus.
MATERIALS AND METHODS

In situ hybridization histochemistry
A total of 24 adult male Mongolian gerbils (Meriones unguiculatus), weighing 60-80 g, were used in the present study. They were kept at constant temperature (-25°C) for at least 10 days before study under 12-h light and dark cycle. Each gerbil was anesthetized via ether inhalation, and the common carotid arteries were exposed and di vided, depending on whether the animal was assigned to the sham-operated group or ischemia group. In the isch emia group, cerebral ischemia was produced by occluding the common carotid arteries for 5 min with miniature an eurysmal clips. Four gerbils were decapitated after 3 h, 24 h, 3 days, 7 days, or 14 days of recirculation, respec tively. The brain was removed quickly and frozen in pow dered dry ice. Sections, 16 f,Lm thick, were cut on a cryo stat, thaw-mounted on gelatin-coated slides, and stored at -80°C. Then, they were processed for in situ hybridiza tion histochemistry. In situ hybridization was performed using an established technique (Arentzen et aI., 1985; Young et aI., 1986) . In brief, sections were fixed in 4% paraformaldehyde for 30 min, acetylated, and dehydrated through graded ethanol and chloroform. An oligonucle otide probe (Yao et aI., 1992) complementary to bases 136-174 of the rat GAP-43 cDNA (Karns et aI., 1987) was used for in situ hybridization. Hybridization was per formed at 42°C overnight with the 35S-labeled FIIGAP-43 oligonucleotide probe in a buffer containing 50% deion ized formamide, lOx Denhardt's solution, 0.5% sodium dodecyl sulfate (SDS), I M sodium chloride, 10% dextran sulfate, 100 f,Lg/ml salmon sperm DNA, 25 mg/ml yeast tRNA, and 20 mM dithiothreitol. Subsequent washes were performed using 0.15 M NaC1I0.015 M Na citrate
(1 x SSC) at 55°C for I h and at room temperature for 2 h.
The sections were then dehydrated through a graded con centration series of ethanol solutions and dried. Slides were dipped in Kodak NTB-3 emulsion, developed after exposure for 3 weeks at 4°C, and counterstained with cresyl violet. Quantitation of the levels of the hybridiza tion signals on the sections was performed with the ap paratus of "IBAS 20" (Interaktive Bild-Analyse System, Kontron Bild Analyse).
Northern blotting
Gerbils of the sham-control group and the ischemia group (3 h, 24 h, 3 days, and 7 days after ischemia) were decapitated (3 animals each). Both hippocampi were re moved, frozen in liquid nitrogen, and stored at -80°C. RNA was isolated from the hippocampal tissue essen tially according to the method of Chirgwin et al. (1979) .
Tissue was homogenized in 4 M guanidine thiocyanate stock solution using a Polytron tissue homogenizer. The homogenate (7 m!) was layed onto 4 ml of 5.7 M CsClI10 mM ethylenediaminetetraacetate in tubes for the Beck man SW40 rotor and centrifuged at 32,000 g at 20°C for 20 h. The RNA pellet was dissolved in 10 mM Tris-HCl (pH 7.6), I mM ethylenediaminetetraacetate, and 0.5% SDS; extracted with an equal volume of chloroform/isoamyl alcohol (24: I); and precipitated by the addition of 0.1 vol of 3 M sodium acetate and 2 vol of ethanol. RNA was quantitated spectrophotometric ally , assuming an absor bance of 1.0 for 40 f,Lg RNA/ml at 260 nm. The integrity of RNA preparations and the consistency of sample loading were verified by staining the transferred RNAs with ethidium bromide. For electrophoresis, total RNA (15 f,Lg) was denatured and size-fractionated on a formaldehyde/ agarose (1.5%) gel. After electrophoresis, RNA was blot ted onto nylon membranes (Gene Screen Plus; NEN). The membranes were prehybridized for 2 h at 42°C in 50% deionized formamide, lOx Denhardt's soluton, I M so dium chloride, 0.5% SDS, 100 f,Lg/ml salmon sperm DNA, 25 mg/ml yeast tRNA, and 100 f,Lg/ml poly (A). Hybrid ization was performed overnight at 42°C with the 32p_ labeled GAP-43 oligonucleotide in the same buffer, ex cept that 10% dextran sulfate was added. The membranes were washed twice for 30 min each in 2x SSC/O.I% SDS at room temperature and once for 10 min in 0.2x SSC/ 0.1 % SDS at 42°C. They were then subjected to autora diography for several days at -80°C.
RESULTS
In situ hybridization histochemistry
In the hippocampus of sham-operated animals, grains appeared over neurons throughout the pyra midal layer and over hilar neurons of the dentate gyrus, including basket and stellate cells (Fig. 1A) . CA3 neurons generated more intense hybridization signals than the other pyramidal neurons, and no detectable signal was generated over the granule cell layer of the dentate gyrus (Fig. 1A) . After isch emia, although no detectable changes in hybridiza tion signal were observed in regions other than the hippocampus, a robust FlI GAP-43 signal was de tected over the dentate granule cells even at 3 h after ischemia (Fig. 1B) . At 3 h after ischemia, quantitation of the grain density over granule cells in four ischemic animals was four-to ninefold of that in the sham control. All animals showed similar levels of induction after ischemia, and the induction was peaked by 24 h of recirculation. Silver grain counts in the CAl field approached those of the CA3 field ( Fig. 1B and C) . Labeling over granule cells persisted at 24 h, 3 days, and 7 days after the ische mia, but was reduced to almost control levels after 14 days (Fig. IF) . The average counts of silver grains in each postischemic animal at 3 h, 24 h, 3 days, 7 days, and 14 days were 7.8-, 9.0-, 7.1-, 4.6-, and 1.3-fold of those in the sham-control brains, respectively. The decline of GAP-43 mRNA hybrid ization signals in the CAl region was spatially and chronologically consistent with the progressive de generation of the CAl pyramidal neurons (Fig. 1D  F) . The change in the density over the CAl field was 1.2-to 1.5-fold during the first 24 h of recirculation, and 0.3-to 0.8-fold during the late phase of recircu lation (3,7, and 14 days).
Northern blot analysis
A Northern blot for GAP-43 mRNA confirmed the specificity of the probe by hybridization to a single band with an approximate size of 1.5 kb of RNA from the control and the ischemic brains (Fig.  2 ). An increase in GAP-43 mRNA expression within 1.5 times of control was detected at 3 and 24 h after recirculation.
FIG. 1.
Dark-field photomicrographs of coronal sections through the dorsal hippocampus demonstrate the chronological change of GAP-43 mRNA expression after forebrain ischemia. A: A sham control and (B-F) at 3 h, 24 h, 3 days, 7 days, and 14 days after 5 min of forebrain ischemia, respectively. A: No detectable signal was generated over the granule cell layer of the dentate gyrus. B: Induction of an intense GAP-43 mRNA signal over the granule cells is indicated by the arrow. C: GAP-43 mRNA expression was persistent in the hippocampus. D and E: Small arrows indicate the decline of GAP-43 mRNA over CA1 pyramidal neurons. F: The arrowhead shows that labeling over the dentate granule cells was reduced to almost control levels (bar = 1 mm).
DISCUSSION
In the present study, we have demonstrated. us ing in situ hybridization histochemistry, that tran sient brain ischemia increases FI/ GAP-43 mRNA expression in dentate granule neurons of the adult gerbil hippocampus. Hybridization signals were near background levels over hippocampal granule cells in sham-control animals, consistent with a pre vious report (Meberg and Routtenberg, 1991) . How ever, after an ischemic insult, these adult CNS neu-J Cereb Blood Flow Me/ab, Vol. 15, No.6, 1995 rons generated intense hybridization signals for GAP-43 mRNA after recirculation intervals of as long as 7 days. Increased GAP-43 mRNA was ob served after only 3 h of reperfusion. Induction of the FI/ GAP-43 gene in hippocampal granule cells after seizures has been demonstrated in rats at 24 h after an electrolytic lesion (Meberg et aI., 1993) , although little signal was observed at 6 and 12 h. Our results indicate that GAP-43 mRNA increases occurred in hippocampal granule neurons early dur ing recirculation after ischemia. Within the hippocampus, lesion-induced F 1/ GAP-43 mRNA expression was preceded by in creased mRNA levels for several immediate-early genes (lEGs) (Dragunow and Robe r tson, 1987; Sheng and Greenberg, 1990 ). In the previous stud ies using gerbil model of forebrain ischemia, c-fos mRNA was induced in hippocampal neurons (Nowak et aI., 1990) . Others have reported that the temporal profile of six different lEGs and their products were expressed after the ischemia (Kiessling et aI., 1993) . In these reports, striking increases in c-fos mRNA expression in the dentate granule cells were observed within 15 min of recir culation and the induction of c-fos protein was ob served as early as 1 h after recirculation. These lEGs have been reported to have an important role in the rapid transcriptional activation of other genes. Therefore, although the precise mechanism of GAP-43 mRNA induction observed at the early recirculation period was unclear, it is suggested that the c-jos gene may have a role in the process for inducing GAP-43 mRNA expression. The pro longed regulation of GAP-43 gene expression until 7 days after recirculation may be due not to upregu lated production of the GAP-43 mRNA but to the other mechanism through stabilization of the mRNA (Perrone-Bizzozero et aI., 1993) .
High levels of synthesis and axonal transport of GAP-43 have been demonstrated during develop ment (Goslin et aI., 1990; Dani et aI., 1991) but have been found to decrease in most neurons by adult hood. Alternatively, such expression remains high in certain neurons (Benowitz et aI., 1988) . There fore, this acidic membrane-associated protein may play a general role in the formation of synapses dur ing development or regeneration, and a continuing role in the functional modulation of some synapses throughout life. GAP-43 is associated with the nerve terminus membrane (Steward et aI., 1988) and is synthesized at its highest levels during axonal outgrowth. It is well known that the CA3 field of the hippocampus receives its extrinsic inputs mainly from mossy fibers originating in granule cells of the dentate gyrus. Accumulations of GAP-43 mRNA are highest in the brain as a whole during the 1st postnatal week (Dani et aI., 1991) , when some ax onal growth is still occurring, and many synaptic relationships are developing and undergoing modi fication. The induction of GAP-43 mRNA expres sion over dentate granule cells implies that axonal outgrowth of mossy fiber may occur in association with GAP-43 mRNA expression. Investigations us ing a gerbil model of unilateral ischemia have indi cated that reactive events such as synaptogenesis could occur in the molecular layer of the dentate gyrus after ischemic insult (Kitagawa et aI., 1992) . Therefore, GAP-43 mRNA expression generated over granule cells through the postischemic period of this gerbil model suggests that the mossy fibers have also been activated to reconstruct their con nections to targets including CA3 neurons after isch emic insult.
GAP-43 has been reported to regulate phosphati dyl-inositol turnover (Jacobson et aI., 1986) and perhaps some of the functional alterations underly ing long-term potentiation (Routtenberg et aI., 1985) . Although whether this protein participates in the same physiological functions, such as ion trans port or membrane turnover, in both immature and mature nerve endings remains unknown, it is sug gested that cerebral ischemia may trigger the pro duction of GAP-43, which has ceased to proliferate in adulthood. The mechanism that regulates the ex pression of the protein and its phosphorylation is not clear, but the induction of GAP-43 may be a consequence of the activation of the excitatory pathway to the hippocampus, because it has been reported that seizure-inducing electrolytic lesions also induce GAP-43 mRNA in dentate granule cells (Meberg et aI., 1993) .
In conclusion, we demonstrated GAP-43 mRNA induction 3 h after ischemic insult in dentate granule cells, which belong to an excitatory pathway to the hippocampus and will be activated after cerebral ischemia. This suggests that the possible events for axonal outgrowth and resynaptogenesis of the af fected neurons may occur soon after the ischemic insult. However, further studies on the regulation of GAP-43 protein synthesis and phosphorylation are needed to understand the entire process of ax onal outgrowth and resynaptogenesis after cerebral ischemia.
